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ABSTRACT
Recent SST and atmospheric circulation anomaly data suggest that the 2015/16 El Niño event is 
quickly decaying. Some researchers have predicted a forthcoming La Niña event in late summer or 
early fall 2016. From the perspective of the modulation of tropical SST by solar activity, the authors 
studied the evolution of the 2015/16 El Niño event, which occurred right after the 2014 solar 
peak year. Based on statistical and composite analysis, a significant positive correlation was found 
between sunspot number index and El Niño Modoki index, with a lag of two years. A clear evolution 
of El Niño Modoki events was found within 1–3 years following each solar peak year during the past 
126 years, suggesting that anomalously strong solar activity during solar peak periods favors the 
triggering of an El Niño Modoki event. The patterns of seasonal mean SST and wind anomalies since 
2014 are more like a mixture of two types of El Niño (i.e. eastern Pacific El Niño and El Niño Modoki), 
which is similar to the pattern modulated by solar activity during the years following a solar peak. 
Therefore, the El Niño Modoki component in the 2015/16 El Niño event may be a consequence of 
solar activity, which probably will not decay as quickly as the eastern Pacific El Niño component. 
The positive SST anomaly will probably sustain in the central equatorial Pacific (around the dateline) 
and the northeastern Pacific along the coast of North America, with a low-intensity level, during the 
second half of 2016.
摘要
最近的海洋表面温度和大气环流异常的数据表明此次2015/16厄尔尼诺事件正在快速衰退。一
些研究者预测紧随的拉尼娜事件将在2016年夏季或早秋到来。从太阳活动对热带海洋表面温
度的调制作用出发，作者研究了发生在太阳活动峰值年（2014）之后的2015/16厄尔尼诺事件
的演变过程。统计和合成分析的结果表明，当厄尔尼诺Modoki指数滞后太阳黑子数两年时，
二者存在显著的正相关。在过去的126年（1890–2015）里，每一个太阳活动峰值年之后的1–3
年内均明确存在厄尔尼诺Modoki事件的演变过程。这说明可能在太阳活动峰值期，异常强的
太阳活动有利于激发产生厄尔尼诺Modoki事件。自2014年以来，季节平均的海洋表面温度异
常和风场异常的空间特征更像是两类厄尔尼诺事件的混合物（即东太平洋型厄尔尼诺和厄尔
尼诺Modoki），其空间特征受到太阳活动的调控。因此，2015/16 El Niño事件中的厄尔尼诺 
Modoki组分可能是太阳活动的结果，其衰退速度比东太平洋型厄尔尼诺组分较慢。因此，在
2016年下半年，微弱的海洋表面温度正异常可能持续存在于赤道中太平洋（日界线附近）和
北美西边界附近。
1. Introduction
El Niño refers to anomalous warming in the eastern equa-
torial Pacific, and has been studied for nearly five decades 
(Bierknes 1969). Owing to its teleconnection, El Niño has 
global effects, especially for atmospheric circulation anom-
alies in the tropics and extra-tropics. However, another 
type of El Niño has also been recognized in recent studies, 
whose maximum warming arises in the central Pacific and 
then extends eastward over time (Ashok and Yamagata 
2009). This new type of El Niño has its own spatial pattern, 
teleconnection, and climate effect, and, in particular, has a 
strong decadal period (Ashok, Behera, and Rao 2007; Kug, 
Jin, and An 2009). However, its mechanism is not as clear 
as that of traditional El Niño events. Generally speaking, 
the new type of El Niño is referred to as El Niño Modoki 
and the traditional El Niño as eastern Pacific El Niño (EP 
El Niño) (Ashok, Behera, and Rao 2007; Kao and Yu 2009).
In early May 2014, a positive SST anomaly appeared 
in the equatorial central-eastern Pacific, and was at 
the time thought to possibly be a very strong El Niño, 
like the one seen in 1997/98 (NASA 2014). However, 
in the subsequent months of 2014, the SST anomaly 
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The wind field at 850 hPa (http://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.derived.pressure.
htm) and SLP (http://www.esrl.noaa.gov/psd/data/grid-
ded/data.ncep.reanalysis.derived.surface.html) used in this 
study were obtained from the NCEP–NCAR Reanalysis-1 
project (1948–2016), which were also provided ESRL 
(NOAA).
In this work, the El Niño Modoki Index (EMI) is defined 
as (Ashok, Behera, and Rao 2007)
 
where the square bracketed terms [SSTA]C, [SSTA]E, and 
[SSTA]W represent the area-averaged SST anomalies in the 
central Pacific region (C (10°S–10°N, 165°E–140°W)), east-
ern Pacific region (E (15°S–5°N, 110–70°W)), and western 
Pacific region (W (10°S–20°N, 125–145°E)), respectively.
The SST data used in the statistical analysis were linearly 
de-trended. We used the more reliable data from 1955 to 
2015 for the composite analysis. Anomalies were defined 
as the departure from the monthly or seasonal mean.
3. Results and discussion
3.1. The modulation of El Niño Modoki events by 
solar activity
The interannual variations of SSN and EMI are shown in 
Figure 1. As we can see, when EMI lags behind SSN by 
two years, the correlation coefficient reaches its maximum 
of 0.186216, which is above the 95% confidence level. 
The power spectrums reveal that both have a clear com-
mon period of around 11–12 years, which has also been 
reported in previous studies (Ashok, Behera, and Rao 2007; 
Kug, Jin, and An 2009).
In order to investigate the correlation between SSN and 
EMI, composite analysis was applied to reveal the distribu-
tion of the seasonal mean SST anomaly in the high years of 
solar activity. The years with maximum sunspot numbers 
were taken as solar peak years, consistent with the peak 
years given by Van Loon, Meehl, and Shea (2007).
The evolution of the SST anomaly’s response to solar 
activity during peak years and the following one, two, and 
three years is demonstrated in Figures 2. Firstly, a La Niña-
like pattern appears in the Northern Hemisphere winter 
(december–February) of solar peak years (Figure 2(a)), 
which is consistent with previous work (Van Loon, Meehl, 
and Shea 2007). However, this negative SST anomaly in 
the equatorial Pacific gradually decays in the next two sea-
sons, from spring (March–May) to summer (June–August) 
(Figure 2(b) and (c)). Concurrently, a positive SST anomaly 
over the northeastern Pacific arises in summer (Figure 
2(c)) and extends into the equatorial Pacific during fall 
(September–November) (Figure 2(d)) and the subsequent 
(1)EMI = [SSTA]C − 0.5 × [SSTA]E − 0.5 × [SSTA]W,
unexpectedly fell back to a neutral state (Australian 
Government Bureau of Meteorology 2014). The role of 
off-equatorial surface temperature anomalies has been 
noted (Zhu et al. 2016). The arrival of weak El Niño con-
ditions was then confirmed in May 2015 (NOAA 2015b), 
and it eventually developed into one of the strongest 
El Niño events on record. Some studies and reports 
have suggested that this 2015/16 El Niño event will 
return to a neutral state by late spring or early summer 
2016, with a chance for La Niña development by fall 
(International Research Institute for Climate and Society 
2016). Alongside these events, in 2014, solar activity 
reached its 24th solar cycle peak.
Considering the influence of solar activity, we analyzed 
the characteristics of the 2015/16 El Niño’s evolution in 
this study. It is known that the positive SST anomaly first 
arose in the central equatorial Pacific and northeastern 
Pacific near the west coast of North America before the 
onset of the 2015/16 El Niño event, which looked like the 
onset of an El Niño Modoki event (NOAA 2015a). However, 
it changed into an EP El Niño at a later time. Based on our 
previous work, it is possible that solar activity modulates 
El Niño Modoki events on decadal timescales. Thus, here, 
we investigated whether or not there was any influence 
of solar activity on the 2015/2016 El Niño event, and, if so, 
how it worked. Specifically, based on statistical analysis 
of historical data, we studied the evolutionary features of 
the 2015/16 El Niño event, in the hope of gaining greater 
insights into the possible impact of solar activity.
2. Data and methods
The solar index used in this study is the international 
sunspot number (SSN) index, which is provided by SILSO 
(Sunspot Index and Long-term Solar Observations) of the 
World data Center at the Royal Observatory of Belgium, 
Brussels (http://www.sidc.be/silso/datafiles). The historical 
annual mean (1700–2015) and monthly mean (1749–2016) 
data were used in the statistical analysis. The sunspot max-
imum (1610–2015) was used to define peak years of the 
solar cycle.
Two SST datasets were used in this study, both of which 
were provided by ESRL (NOAA). The first was ERSST.v3b, in 
which the monthly mean data begin in January 1854 and 
continue until the present day, in 2016 (http://www.esrl.
noaa.gov/psd/data/gridded/data.noaa.ersst.html). In this 
study, we used the more reliable data from 1890 to 2016 
for the statistical analysis. The other was NOAA’s OISST2, 
covering the period december 1981 to March 2016, which 
comprises in situ and satellite-derived SST on a 1° grid 
(http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
oisst.v2.html). This data-set was used to investigate the 
features of the 2015/16 El Niño event.
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Figure 1. Annual mean ssn (solid grey line) and emi (dotted black line) from 1890 to 2015, with a lag of two years.
Figure 2. composites of the seasonal mean sst anomaly (contours; units: °c) during peak years of the solar cycle, and the following one, 
two, and three years.
note: Black dotted regions within the black contours are above the 90% confidence level (student’s t-test).
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It has been pointed out that statistically significant 
warming takes place in the upper and lower stratosphere 
over tropical and subtropical regions during strong 
solar activity years (Labitzke et al. 2002). This warming 
is transported downward and poleward into the lower 
atmosphere over the polar regions by interacting with 
planetary waves (Haigh and Blackburn 2006). In the north-
ern hemisphere, the process results in remarkable differ-
ences in atmospheric circulation at high latitudes, such 
as a stronger Northern Annular Mode anomaly and Arctic 
Oscillation, in solar maximum years compared with solar 
minimum years (Huth, Bochníčekb, and Hejdab 2007). 
during high solar activity winters, the impact of ENSO on 
surface temperature is depressed (Zhou, Chen, and Zhou 
2013). Furthermore, it has been proven that the positive 
SST anomaly over the tropical central Pacific is a conse-
quence of the atmospheric circulation anomaly over high 
latitudes, and the SLP anomaly is regarded as a preceding 
signal for El Niño Modoki events (Anderson 2003).
Composites of winter seasonal mean SLP and 850 hPa 
wind anomalies in peak years and the following one, two, 
winter (Figure 2(e)). This positive SST anomaly pattern is 
favorable for the onset and development of an El Niño 
Modoki event. Note that the negative SST anomaly over 
the equatorial Pacific is replaced by a positive anomaly 
in the first and second year after the solar peak year, and 
the significant regions (beyond the 90% confidence level) 
are located in the central Pacific (Figure 2(f )–(j)). The El 
Niño Modoki phenomenon gradually decays in the third 
year after the solar peak year (Figure 2(k)–(p)). A distinct 
feature is revealed in the first column of Figure 2, in that 
the positive SST anomaly branch originates in the north-
eastern Pacific and extends southwestward into the cen-
tral equatorial Pacific during winter after a solar peak. The 
suggestion is that the positive SST anomaly pattern in 
winter likely acts as a critical trigger for warming in the 
central equatorial Pacific (Pierce, Barnett, and Latif 2000; 
Xie, Huang, and Ren 2013). Similar features were also found 
in the seasonal variation of subsurface ocean temperature 
(not shown here). But how does solar activity modulate El 
Niño Modoki events? This is an interesting question, which 
we address next.
Figure 3.  composites of seasonal mean sLp (contours; units: hpa) and 850  hpa wind (vectors; units: m s−1) anomalies in the winter 
seasons of peak years and the following one, two, and three years.
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subtropical region, respectively, in the winter season of 
solar peak years (Figure 3(a)). These conditions are condu-
cive to the generation of an anticyclone in the northeastern 
and three years are presented in Figure 3. Anomalous low 
pressure (cold temperatures) and high pressure (warm 
temperatures) are located in the high-latitude region and 
Figure 4. composites of seasonal mean sst (contours; units: °c) and 850 hpa wind (vectors; units: m s−1) anomalies in 2014 and 2015.
note: Areas enclosed by green contours represent where the result is above the 98% confidence level (mean significance t-test).
6  W.-J. HUO ANd Z.-N. XIAO
by the strong solar radiation in these cloudless areas in win-
ter, and extend into the central equatorial Pacific along the 
wind anomaly route. Once the positive SST anomaly arises 
in the equatorial pacific, it would be sustained and ampli-
fied in the following seasons by the convergence of anom-
alous zonal wind, and air–sea interaction (Figure 2(e)–(j)).
3.2. Features of the 2015/16 El Niño event
The seasonal mean SST anomaly (contours) and wind 
anomaly at 850 hPa (vectors) from the winter of 2014 to 
the fall of 2015 are shown in Figure 4. A significant positive 
SST anomaly is apparent in the northeastern Pacific in the 
winter season of 2014, which shifts eastward to the coast 
of North America in the following seasons of 2014 (see 
the left column of Figure 4). A weak positive SST  anomaly 
appears in the tropical Pacific, especially in the central 
equatorial Pacific, in the spring of 2014 (Figure 4(c)). In the 
winter season of 2015, the positive SST anomaly stretches 
from the coast of North America to the central equato-
rial Pacific (Figure 4(b)), which is similar to the features in 
the winter season of the year after a solar peak (Figures 
2(e) and 3(b) (vectors)). The positive SST anomaly in the 
 central equatorial Pacific increases and extends to the east-
ern equatorial Pacific in the spring of 2015 (Figure 4(d)). 
Pacific. However, almost the opposite features appear 
in the winter seasons of one and two years after the 
solar peak (Figure 3(b) and (c)). A positive SLP anomaly 
is located near the north pole, and a negative anomaly 
in the northeastern Pacific. An anomalous cyclonic cir-
culation system occurs in the subtropics near the west 
coast of North America. Eventually, these anomalous fea-
tures disappear in the third winter after a solar peak year 
(Figure 3(d)). Meanwhile, strong westerly anomalies and 
weak easterly anomalies arise on each side of the central 
equatorial Pacific (vectors, Figure 3(b)–(d)). The anomalous 
zonal wind results in convergence in the central equatorial 
Pacific, which is essential for the development and main-
tenance of an El Niño Modoki event (Ashok, Behera, and 
Rao 2007; Kug, Jin, and An 2009).
Many studies have revealed that the positive SST anom-
aly in the central equatorial Pacific may be caused by an 
earlier anomalous cyclone in the subtropical Pacific in 
winter (e.g. Pierce, Barnett, and Latif 2000; Xie, Huang, and 
Ren 2013). As shown above, an anomalous cyclone con-
trols the northeastern Pacific in the winter seasons of one 
and two years after a solar peak. The anomalous south-
westerly winds to the southern side could reduce the local 
trade wind speed and wind-induced surface evaporation. 
Consequently, a positive SST anomaly would be produced 
Figure 5. composites of monthly average sst (contours; units: °c) and 850 hpa wind (vectors; units: m s−1) anomalies in 2016.
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reached a peak in 2014 — the 24th solar cycle since 1755. 
The evolution of the SST and wind anomalies are similar to 
the typical features found from historical data composites 
in peak years and the following one to three years after a 
solar peak. Therefore, the El Niño Modoki component of 
the 2015/16 El Niño event might also have resulted from 
high solar activity. Considering the impact of high solar 
activity, the El Niño Modoki component in the 2015/16 
El Niño event may not decay as quickly as the EP El Niño 
event. It will likely sustain in the central Pacific, with a 
low-intensity level, in the second half of 2016.
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